ABSTRACT
INTRODUCTION
The US CDC and the Institute of Medicine (IOM) recommend that women capable of becoming pregnant consume ≥400 µg synthetic folic acid/d, in addition to a diet rich in natural food folate, to prevent neural tube defects (NTDs) (1, 2) . This recommendation is based on data from randomized controlled trials that showed that folic acid intake before and during pregnancy reduced NTD prevalence (3) . These results were later confirmed in community intervention studies and evaluations of food fortification programs (4) (5) (6) (7) (8) . Currently, there are 3 sources of folic acid in the United States, each of which are regulated differently: mandatory fortification of enriched cereal grain products (ECGPs), voluntary fortification of ready-to-eat (RTE) cereals, and vitamin supplements. In 1996, the Food and Drug Administration ruled that grain products labeled as enriched, i.e., ECGPs, must contain 140 µg folic acid/100 g of product (9) . Fortification of this staple food was implemented because there is a high rate of unplanned pregnancy in the United States (∼50%) (10) , and the neural tube closes by day 28 of pregnancybefore many women know that they are pregnant (11) . RTE cereals are allowed, but not required, to contain ≤400 µg of folic acid/serving (9) . The third source of folic acid, vitamin supplements, generally contain 400-1000 µg folic acid in adult formulations (12) . Recently, the US Preventive Services Task Force affirmed its previous recommendation that all women capable of becoming pregnant consume 400-800 µg folic acid/d from supplements for the prevention of NTDs with a grade of A, indicating the highest level of confidence in the recommendation based on available literature (13) .
NTDs (including anencephaly, encephalocele, and spina bifida) have devastating effects on infants and their families. Data from birth defect surveillance systems show that NTD prevalence decreased 35% after the implementation of mandatory folic acid fortification, from 10.7 to 7.0 NTDs/10,000 live births (14, 15) . It is estimated that folic acid fortification in the United States has averted >1300 NTDs/y (14, 15) and that >$600 million are saved annually in the United States due to the postfortification reduction in spina bifida alone (16) . In 2015, the WHO recommended a population-level threshold for red blood cell (RBC) folate concentration of >400 ng/mL (>906 nmol/L) for optimal prevention of NTDs (17) .
This analysis had the following objectives: 1) to estimate daily total folic acid and natural food folate intake and the distribution of RBC folate concentrations among women who consume folic acid from different sources; 2) to assess the usual daily total folic acid intake associated with optimal RBC folate concentrations for NTD prevention; 3) to predict the NTD prevalence of women who consume folic acid from different sources based on their RBC folate concentrations; and 4) to estimate the number of potentially folate-sensitive NTDs that could be prevented if women consumed folic acid from additional sources, including RTE cereals and dietary supplements.
METHODS

Demographic characteristics, RBC folate concentration distributions, and usual intakes
We used data from the 2007-2012 NHANES to describe the demographic characteristics, RBC folate concentrations, and dietary intake of natural food folate and synthetic folic acid among nonpregnant women of reproductive age [12-49 y, consistent with the age range used in the WHO guidelines for Optimal Blood Folate Concentrations (17) ]. The survey design and procedures have been described in detail elsewhere (18) (19) (20) . Briefly, RBC folate concentrations in the 2007-2012 NHANES were measured through the use of a microbiologic assay with chloramphenicolresistant Lactobacillus rhamnosus and 5-methyltetrahydrofolate as the calibrator (21) . RBC folate concentrations were log transformed to normalize the distribution of this variable. As was done in a previous analysis (22) , we considered the following categories of RBC folate concentrations in this analysis: high risk, associated with an NTD prevalence of >14/10,000 live births, ≤585 nmol/L in the CDC assay used in NHANES (equivalent to ≤699 nmol/L in the Molloy assay); elevated risk, the concentrations associated with 9-14 NTDs/10,000 live births, 586-747 nmol/L in the CDC assay (700-905 nmol/L in the Molloy assay); optimal, associated with <9 NTDs/10,000 live births, 748-1215 nmol/L in the CDC assay (906-1500 nmol/L in the Molloy assay); and limited additional benefit, ≥1216 nmol/L in the CDC assay (>1500 nmol/L in the Molloy assay). Analyses on demographic variables and RBC folate distributions were performed with SAS-callable SUDAAN (version 11.0, Research Triangle Institute) with corresponding NHANES sample weights (combined 6-y mobile examination center and dietary 2-d sampling weights) to account for unequal probability of selection and nonparticipation. Weighted proportions with 95% CIs were reported for categoric variables.
Dietary information was collected from two 24-h recalls. The first was administered in person and the second was administered by telephone 3-10 d later. Participants were asked about their use of supplements in the previous 30 d (yes or no), and those who reported supplement use were asked to report the name of the supplement(s) and the corresponding frequency of use. We created 4 mutually exclusive groups based on source(s) of folic acid intake: ECGP only (mandatory fortification), ECGP and RTE cereals (ECGP + RTE) (mandatory and voluntary fortification), ECGP and use of supplements containing folic acid (ECGP + SUP), and all 3 sources (ECGP + RTE + SUP) (Supplemental Figure 1) .
Intakes of total synthetic folic acid, natural food folate, and total folate were estimated for each individual on each day of their dietary recall. Total folic acid intake was defined as the sum of an individual's intake of synthetic folic acid from all fortified foods on the day of the recall and the average daily folic acid intake from supplements in the previous 30 d. Total natural food folate was defined as the sum of an individual's intake of natural food folate in all foods consumed on the day of the recall. We defined total folate intake as the sum of the individual's daily total folic acid intake and their daily total natural food folate intake. To account for the higher bioavailability of synthetic folic acid compared with natural food folate, total folate intake was measured in dietary folate equivalents (DFEs). DFEs are equal to the total natural food folate intake plus 1.7 times the total folic acid from fortified foods and supplements [total folate DFE = μg of natural food folate + (1.7 × μg folic acid)] (2).
Usual daily folic acid, natural food folate, and total folate intake were estimated with the use of the Software for Intake Distribution Estimation (PC-SIDE), taking into account the betweenand within-person variations in intake (23) . The distributions of the usual daily intakes of these nutrients were estimated, adjusting for age, race/ethnicity, day 1 or 2 of dietary recall, and the day of the week on which the dietary recall was administered. Only nonpregnant women aged 12-49 y with an RBC folate concentration measurement, supplement use information, and reliable day 1 and 2 dietary recall data were included in the analyses (n = 4783).
Predicted NTD prevalence
We conducted simulations to predict the prevalence of NTDs among US women of reproductive age (12-49 y) stratified by source of folic acid. We predicted prevalence within each strata by a 2-step process. First, we simulated a distribution of RBC folate concentrations for a hypothetical population of 100,000 women for each folic acid source strata. The simulated RBC folate concentration values within each intake group were generated through the use of a log-normal distribution with mean and variance corresponding to that observed in the NHANES data for that folic acid source group. In the second step, we used these simulated RBC folate concentrations to estimate the NTD prevalence within each source group. To do this, we used the estimated coefficients of a logistic regression model relating RBC folate concentration to the risk of NTDs developed in a previous analysis of a large prospective data set from China (24) . In that analysis, observed NTD outcomes were matched to each woman's estimated RBC folate concentration, based on observed folic acid intake, through the use of a logistic regression model with 2 parameters: an intercept term and the estimated log odds ratio relating the increase in the odds of an NTD to a unit increase in RBC folate concentration. Because the original analysis of the Chinese data utilized a Bayesian approach, the result of the analyses was a collection of 20,000 posterior samples for the parameters of the logistic model relating NTD risk and RBC folate concentration. These parameters correspond to the intercept of the logistic model and the increase in the log odds of an NTD for every increase of 1 unit of the log RBC folate concentration. Further analyses of these posterior samples indicated that their joint posterior distribution was well modeled by a bivariate normal distribution. To develop the NTD prevalence estimates for this analysis, we sampled one set of possible parameter values from this bivariate normal posterior distribution and combined this with the simulated RBC folate concentrations to estimate the probability of having a child with an NTD for each of the 100,000 women in the hypothetical population. Thus, each simulation corresponds to selecting one possible set of values for the logistic model parameters and combining that selected set with the simulated distribution for RBC folate concentrations within the population of interest.
Given this estimated NTD probability, occurrence of an NTD was simulated by comparing the estimated probability to a uniform random variate such that, if the estimated probability exceeded the generated uniform random variable, the woman was assigned to have a child with an NTD, whereas she was modeled to not have a child with an NTD otherwise. We summed the number of NTD outcomes and divided by 100,000 to generate an NTD prevalence estimate for the given hypothetical population.
This simulation process was repeated 10,000 times for each folic acid source group (ECGP only, ECGP + RTE, ECGP + SUP, and ECGP + RTE + SUP), resulting in 10,000 estimates of NTD prevalence. Note that the simulated NTD prevalence estimates within each group reflect both the sampling variability in RBC folate concentrations within each population of hypothetical women and the uncertainty associated with the true values of the parameters of the NTD risk model. The distribution of the 10,000 estimated NTD prevalence values within each source population was summarized as the median of the 10,000 estimates with uncertainty represented by a 95% uncertainty interval (UI) with bounds defined by the 2.5th and 97.5th percentiles of the 10,000 generated values.
At higher RBC folate concentrations, there is limited additional NTD prevalence reduction above 1500 nmol/L based on the modeled Chinese data; and in the Daly data there were limited data points above this RBC folate concentration (24) . Thus, for the purpose of this analysis, if RBC folate concentrations were >1500 nmol/L, the predicted prevalence was set at the median prevalence of 1500 nmol/L in the model (24) .
We evaluated the differences in the NTD prevalence among the folic acid source groups by comparing the differences in the estimated NTD prevalences. To illustrate, suppose we are comparing the 10,000 predicted NTD prevalence values generated for the ECGP + RTE population with the 10,000 generated for the ECGP only group. To evaluate the magnitude of the difference in predicted NTD prevalence between these 2 populations, we calculated the difference in the estimates, ECGP + RTE minus ECGP only for all 10,000 NTD prevalence estimates from each population. Thus, we had 10,000 possible values for the difference in NTD prevalence between ECGP + RTE and ECGP-only populations. These estimated distributions for the difference in NTD prevalence due to folic acid intake source were summarized as the median and a 95% UI bounded by the 2.5th and 97.5th percentiles of the 10,000 difference estimates.
Estimating the number of NTDs among live-born infants that could be prevented through increasing sources of folic acid intake
We predicted the number of NTDs among live-born infants that could be prevented if women who consume folic acid from ECGP only increased their folic acid intake to include either RTE, SUP, or both (e.g., ECGP + RTE, ECGP + SUP, or ECGP + RTE + SUP) such that they had the same RBC distribution as the women currently in these groups. To do this, we first estimated the proportion of live births that occurred among women with ECGP as their only source of folic acid. Based on NHANES data, we estimated that 48.4% ± 1.1% of women of reproductive age in the United States had ECGP as their only source of folic acid. If we assume that the sampling variability in the proportion of women who consume folic acid from ECGP only can be represented as a normal distribution with a mean of 0.484 and an SD of 0.011, and that the proportion of women of reproductive age with ECGP as their only folic acid source is the same as the proportion of women with a live-born infant with ECGP as their only folic acid source, then the estimated number of live births among women in the ECGP group, n ECGP , is:
where p is a sampled value from the assumed normal uncertainty distribution for the ECGP proportion and 3,990,876 is the total live births per year (25) . Next, we let r ECGP be the predicted NTD prevalence among women who consume folic acid only from ECGP derived as described above, and r ECGP+RTE be the predicted NTD prevalence among those women consuming ECGP + RTE. With these values, we estimated the number of NTDs among live births in the ECGP-only group as n ECGP × r ECGP and the number of NTDs expected if these women increase their consumption to include RTE cereals as n ECGP × r ECGP+RTE . The number of NTDs estimated to be prevented if women in the ECGP group moved to the ECGP + RTE intake level is then given by:
Analogous methods were used to estimate the number of NTDs that could be prevented among women consuming folic acid from ECGP only if they added supplements alone, and if they added RTE cereals and supplements.
Estimates of the number of prevented NTDs were developed for each of the 10,000 samples of r ECGP , r ECGP+RTE , r ECGP+SUP , and r ECGP+RTE+SUP produced by the modeling described above. We summarize these 10,000 estimates for the number of prevented NTDs as the median and a 95% UI. To reflect our assumption that the number of NTDs will not likely increase due to increased consumption of folic acid, the lower limit of the UIs was truncated to zero if the 2.5th percentile of the distribution of estimates was negative.
RESULTS
Among the 4783 women of reproductive age in NHANES aged 12-49 y with no missing information on supplement use, and who had RBC folate concentrations and reliable dietary data, 28.9% (95% CI: 26.4%, 31.6%) reported using a supplement containing folic acid, and 48.2% (95% CI: 45.9%, 50.6%) reported ECGP as their only source of folic acid ( Table 1) . About three-fourths of the women had RBC folate concentrations in the optimal range or higher (≥748 nmol/L).
Median usual daily total folic acid intake was lowest among women for whom ECGP was their only source of folic acid, 115 µg/d (IQR: 79, 156 µg/d) ( Table 2) . Women who consumed folic acid from all 3 sources had the highest median usual daily total folic acid intake, 661 µg/d (IQR: 519, 830 µg/d). Although intake of natural food folate was similar for women who consumed folic acid from ECGP only and for women who consumed folic acid from ECGP + RTE (162 DFEs; IQR: 122, 204 DFEs and 164 DFEs; IQR: 124, 213 DFEs, respectively), it was slightly higher among consumers of supplements (ECGP + SUP: 189 DFEs; IQR: 144, 245 DFEs and ECGP + RTE + SUP: 187 DFEs; IQR: 146, 241 DFEs). Women who had optimal RBC folate concentrations (748-1215 nmol/L) had a median usual daily total intake of 236 µg of folic acid (IQR: 181, 304 µg) and 174 DFEs of natural food folate (IQR: 147, 206 DFEs) ( Table 2) .
RBC folate concentrations were lowest among women in the ECGP-only group at every percentile in the RBC folate concentration distribution, and highest among the ECGP + RTE + SUP group ( Table 3) . Based on the overall RBC folate concentration distributions from all nonpregnant women of reproductive age combined, we predicted an NTD prevalence of 7.3 NTDs/10,000 live births (95% UI: 5.5, 9.4; Table 3 ). We estimated that women who consume only ECGP had an overall NTD prevalence of 8.5/10,000 live births (95% UI: 6.4, 10.8/10,000 live births; Table  3 ). This prevalence was significantly higher than the predicted prevalence for both of the groups that included supplement use, with a statistically significant prevalence difference of −2.6 (UI: −0.2, −5.0) for the ECGP + SUP group comparison and −3.6 (UI: −1.3, −6.1) for the ECGP + RTE + SUP group comparison ( Table 3 ). The highest predicted NTD prevalence, 20.3/10,000 live births (95% UI: 17, 24.3/10,000 live births), was for women who consumed folic acid only from ECGP, and had RBC folate concentrations in the 5th percentile (RBC folate concentration 484 nmol/L), (Figure 1 , Table 3 ). By comparison, women in the 5th percentile of RBC folate concentrations (749 nmol) among the ECGP + RTE + SUP group had a predicted NTD prevalence of 9.3/10,000 live births (95% UI: 7.8, 10.9/10,000 live births).
If those consuming only ECGP were to add RTE cereals to their diets, median usual folic acid intake would increase from 115 to 239 µg/d (Table 2) , median RBC folate concentration would increase from 881 to 1003 nmol/L, and the model predicts a (median) reduction of 345 NTDs/y (95% UI: 0, 821 NTDs/y). ECGP plus supplements would increase the usual daily total folic acid intake to 461 µg/d, median RBC folate concentration to 1157 nmol/L, and would be predicted to prevent 503 NTDs/y (median; 95% UI: 39, 966 NTDs/y). Adding both RTE cereal and supplements containing folic acid would be predicted to prevent 701 NTDs/y (95% UI: 242, 1189 NTDs/y) among women who currently consume folic acid from ECGP only. Statistically significant decreases in estimated NTD prevalence were observed only with the addition of supplements.
Among women of reproductive age, only 28.9% (95% CI: 26.4%, 31.6%) reported consuming any supplement containing folic acid (Table 1) . Women who reported no supplement use had an RBC folate concentration distribution that predicts an NTD prevalence of 7.9/10,000 live births (95% UI: 6.0, 10.2/10,000 live births). Among women who reported use of a supplement containing folic acid, those who reported consuming <200 µg folic acid/d from supplements had a predicted prevalence of 6.0/10,000 live births (95% UI: 4.4, 7.9/10,000 live births). For women who reported consuming >200 to <400 µg folic acid/d from supplements, we predicted an NTD prevalence of 5.7/10,000 live births (95% UI: 4.2, 7.5/10,000 live births), and for women consuming ≥400 µg folic acid/d from supplements, we predicted an NTD prevalence of 5.1/10,000 live births (95% UI: 3.7, 6.7/10,000 live births). Regardless of supplement dose, the predicted NTD prevalence for women who used supplements was statistically significantly lower than for women who consume folic acid from only ECGP. However, only women with reported intakes ≥400 µg folic acid/d from supplements had statistically significantly lower estimated NTD prevalence than women who did not use supplements, regardless of RTE intake (median (18) at the 5th-95th percentile stratified by source of folic acid intake: ECGP only, ECGP + RTE, ECGP + SUP, and all 3 sources ECGP + RTE + SUP. z axis: RBC folate concentrations at the 5th-95th percentile by source of folic acid. EGCP, enriched cereal grain product; NTD, neural tube defect; RBC, red blood cell; RTE, ready-to-eat cereal; SUP, supplement containing folic acid. difference 2.8/10,000 live births; 95% UI: 0.6, 5.2/10,000 live births).
DISCUSSION
Almost half of this study population (48.2%) was women whose only source of folic acid was ECGP. This group had lower median usual daily total folic acid intake, lower RBC folate concentrations, and higher predicted NTD prevalence than women who consumed folic acid from multiple sources. The RBC folate concentration distributions we observed suggest that adding additional sources of folic acid among those consuming only ECGP would prevent a median of 345-701 NTDs each year in the United States, depending on the additional source(s) of folic acid. Although NTD rates decreased 35% after mandatory fortification of ECGP with folic acid (15) , some women who consumed folic acid only from ECGP did not have sufficient folic acid intake to increase RBC folate concentrations and optimally prevent NTDs.
Optimal RBC folate concentration and folic acid intake for NTD prevention
The WHO has established an RBC folate concentration threshold for optimal NTD prevention of 906 nmol/L (calculated with the Molloy method of microbiologic assay, equivalent to 748 nmol/L calculated with the CDC microbiologic assay method) (17, 21, 24) . This threshold is based in part on a case-control study from Ireland in which 906 nmol/L was the lower bound of a stratum in which the median RBC folate concentration was 1292 nmol/L (1052 nmol/L CDC microbiological method) and the NTD prevalence was 8/10,000 live births (26) . It is important to note that 906 nmol/L is a threshold of insufficiency for NTD prevention at the population level, not a recommended population median. We have previously reported that 22.8% of US women of reproductive age have insufficient RBC folate concentrations for optimal NTD prevention (concentrations under the WHO threshold for optimal NTD prevention) (22) . In this analysis, we found that women who had RBC folate concentrations in the optimal range (748-1215 nmol/L) reported a median usual daily total folic acid intake of 236 µg (IQR: 181, 304 µg). This optimal range was used to determine the minimal amount of folic acid intake needed, as there is no established additional benefit to blood folate concentration above this range (22, 24) . When combined with their intake of natural food folate (median 174 DFEs; IQR: 147, 206 DFEs), their estimated median daily total folate intake was 581 DFEs (IQR: 474, 711 DFEs), equivalent to 349 µg of folic acid (IQR: 284, 427 µg) ( Table 2 ). This intake level is striking in its similarity to the folic acid intake level of 400 µg recommended by the CDC and IOM, particularly given that the optimal RBC folate concentration was not determined based on its relation to consuming 400 µg folic acid/d, but rather a direct relation with NTD prevalence. In addition, we looked at the impact of different reported folic acid intake dosage from supplements and found that with increasing folic acid supplement intake the median predicted risk decreased compared with those consuming no supplements; however, it did not reach statistical significance until ≥400 µg/d. These data provide further support that women should consume 400 µg/d folic acid before and during pregnancy to prevent NTDs (4) and that both the WHO threshold for optimal RBC folate concentration and recommeded intakes are decribing simliar conditions (intake and biomarker concentrations) for optimal NTD prevention.
The usual intakes of dietary nutrients are limited by the imprecision of the tools used to collect the food intake information, concerns about recall validity, and the variability in food content not represented in food composition databases (27) (28) (29) (30) (31) . Use of biomarkers, such as RBC folate concentrations, can reduce or eliminate many of these concerns, as presented in a recent analysis of NHANES data (32) . We estimate that those consuming folic acid from all 3 sources (ECGP + RTE + SUP) have median usual daily total folic acid intake consistent (Table 2) , which suggests that current recommendations are associated with RBC folate concentration distributions within and above the optimal range. These data do not support the need for higher levels of folic acid intake in women of reproductive age.
Natural food folate
Although natural food folate intake was similar between women who only consumed ECGP and women who consumed both ECGP and RTE, it was higher among women consuming supplements containing folic acid. The median usual daily total intakes of natural food folate were less than half of the recommended daily allowance of 400 DFEs recommended for the prevention of megaloblastic anemia for all groups (Table 2) (12). These low intakes highlight the importance of consuming folic acid in the US diet not only for NTD prevention but also for the prevention of megaloblastic anemia. There are currently no recommendations for natural food folate intake for the optimal prevention of NTDs or recommendations for intake of any folate vitamin other than folic acid. There are also no randomized control trials to show that increased consumption of only natural food folate at any dose would prevent NTDs. The IOM recommends that women consume a diet rich in folate-dense foods; however, it is important to note that it is difficult for women to consume enough natural food folate to reach RBC folate concentrations for optimal NTD prevention (33) . In addition, low-carbohydrate diets were recently associated with increased NTD risk likely through decreased intake of folic acid from fortified enriched cereal grain products (34) .
Limitations
The NHANES data on RBC folate concentrations are weighted to represent the overall US population of women aged 12-49 y (18-20) ; however, the likelihood for women of different ages within this age range becoming pregnant was not taken into account. Although women with folate insufficiency for NTD prevention identified in our analysis are of reproductive age, they are not all equally likely to become pregnant. Thus, the predicted NTD prevalence should be considered not an estimate of actual prevalence but an estimated prevalence among women aged 12-49 y at risk for an NTD should they become pregnant.
The dose-response relation between RBC folate concentrations and NTD prevalence used in this analysis was based on data from Chinese and Irish populations (24) . Non-Hispanic black populations in the United States tend to have lower RBC folate concentrations (35) (36) (37) (38) , but do not have increased NTD prevalence (14, 15) ; therefore, caution should be used in applying these models to non-Hispanic black populations. However, currently the rates of spina bifida and anencephaly are similar for non-Hispanic whites and blacks, whereas Hispanics have higher rates (15) . In addition, although RBC folate concentrations are affected by genetic variation in MTHFR (∼8% reduction per T allele rs1801133) (39), genotypes are not currently available for NHANES participants. However, data show that the rate of increase in RBC folate concentration associated with folic acid intake is not affected by MTHFR genotype (24) . Although the MTHFR genotype likely affects the amount of folic acid needed to achieve optimal RBC folate concentrations, once optimal RBC folate concentrations are achieved, the same level of NTD prevention is predicted.
Despite these limitations, our approach predicted an NTD prevalence remarkably similar to the current reported overall prevalence. We predict an NTD prevalence in the United States of about 7.3/10,000 live births (95% UI: 5.5, 9.4/10,000 live births), consistent with the 2004-2006 NTD prevalence of 6.9/10,000 live births reported from birth defect surveillance systems in the United States that include NTDs that are prenatally ascertained (14) .
Conclusions
Currently in the United States, RBC folate concentrations are largely consistent with optimal NTD prevention. However, among women of reproductive age whose only source of folic acid is ECGP, there remains a predicted increased risk of having an NTD-affected pregnancy. Additional folic acid intake is needed among these women to achieve the recommended 400 µg/d (2) and to achieve RBC folate concentrations consistent with optimal prevention of NTDs (17) .
